Abstract -The objective of this work was to determine the viability equation constants for cottonseed and to detect the occurrence and depletion of hardseededness. Three seedlots of Brazilian cultivars and IAC-20 were tested, using 12 moisture content levels, ranging from 2.2 to 21.7% and three storage temperatures, 40, 50 and 65ºC. Seed moisture content level was reached from the initial value (around 8.8%) either by rehydration, in a closed container, or by drying in desiccators containing silica gel, both at 20ºC. Twelve seed subsamples for each moisture content/temperature treatment were sealed in laminated aluminium-foil packets and stored in incubators at those temperatures, until complete survival curves were obtained. Seed equilibrium relative humidity was recorded. Hardseededness was detected at moisture content levels below 6% and its releasing was achieved either naturally, during storage period, or artificially through seed coat removal. The viability equation quantified the response of seed longevity to storage environment well with K E = 9.240, C W = 5.190, C H = 0.03965 and C Q = 0.000426. The lower limit estimated for application of this equation at 65 o C was 3.6% moisture content.
Introduction
Cottonseed production in São Paulo State, Brazil, has being a monopoly of the Secretaria de Agricultura since 1937, aiming to ensure both good fibre pattern and plant healthiness, through special trading agreements with previously selected growers. After harvesting, seedlot quality is checked and, if approved, it is sent to processing operations which consist on shortly ginning, cleaning, mechanical delinting and packing in multifold paper bags. Cottonseed trading depends on the germination percentage value. In the last years, the annual seed demand averages in São Paulo reached 13,500 tons (crop area around 300,000 ha), with a crude value of US$ 4,500,000.
Low germination seedlots are usually sent to industrial utilisation after the trading period. However, adverse climate conditions during the harvesting period (March-May) result in poor quality cottonseeds. Therefore, it would be wise to keep a safe regulating seed stock (close to 6,000 tons) to guarantee the following season's demand.
Hardseededness, seed coat impermeability to water, is induced in the majority of seeds of the cultivated Gossypium spp. when dried to 5 or 6% moisture content. In addition, all wild forms of the cultivated spp. and most wild Gossypium spp. have impermeable seed coats at low moisture contents (Ellis et al., 1985) .
Longevity prediction of cotton seedlots might save money and time, allowing early sale of low-storability lots and keeping high-storability ones, either for the sale at the end of the trading period or for next season's sowing. This could be achieved using the viability equation, proposed by Ellis & Roberts (1980) , which relates seedlot viability of any initial quality to moisture and temperature, after any given storage period (Ellis et al., 1989) . The equation is: v = K i -p/10 K E -C W log m C H t-C Q t² , where v is the probit percentage viability after p days of storage at m% moisture content (mc, f. wt. basis) and t (ºC); K i is a constant which stands for the initial quality of each seedlot before storage; K E is a species constant; C W indicates the logarithmic response of seed longevity to moisture content; C H and C Q are the constants of a linear and a quadratic temperature term, respectively, and describe the effect of the storage temperature on seed longevity, whereby the Q 10 increases as temperature increases (Ellis et al., 1986; Kraak & Voss, 1987) .
This equation has already been applied to forest species (Dickie et al., 1990; Medeiros et al., 1998; Bonner, 1999; Chaves & Usberti, 2004) . However, viability constants are specific for each species and therefore must be determined for each species of economic, ecological and scientific interest.
The maintenance of an ex-situ germplasm bank could be relevant for conservation of such species. However, specific methodology for seed storage of that species is not available. Establishment of this methodology has been the main purpose of researchers, technologists and producers (Usberti & Gomes, 1998) .
Tropical and temperate zone species follow three seed behaviour patterns on storage: orthodox, intermediate and recalcitrant. Orthodox seeds can be conserved for a long term with low moisture content at subzero storage temperature. Intermediate species can only be conserved for a medium period as they suffer drying and cold damage at moisture content around 10%, therefore showing neither an orthodox nor a recalcitrant behaviour. Recalcitrant seeds lose viability if their mc falls below a relatively high value and deteriorate rapidly, at temperatures below 15°C, mainly.
The objective of this work was to determine the viability equation constants for cotton and to detect the occurrence and depletion of hardseededness, as to provide the safe maintenance of regulating seed stocks.
Material and Methods
Mechanical delinting (fuzzy) seeds of cotton (Gossypium hirsutum L.) from cultivars IAC-20 (seedlots 1 and 2) and IAC-19 (seedlot 3) were used. The experiment was designed and carried out in the facilities of the Seed Science Laboratory, Department of Agriculture, at University of Reading, UK.
Seeds were stored at -20ºC until the investigations begun. Seed moisture contents (mc) were adjusted from their initial values (around 8.8%) before experimental storage either by rehydration above water in a closed container at 20ºC or by drying in two phases; first in a drying cabinet at 15% RH and 15-20ºC until the mc reached 5.5% level, followed by a further drying at 20ºC in desiccators containing silica gel, until achieving the lowest values (around 2% level). All these procedures aimed to avoid possible fast drying damage to the seeds.
After a three-day period for stabilization at 3-5ºC, in sealed containers, seed mc was detected by the high constant temperature oven method, prescribed by the International Seed Testing Association (International Seed Testing Association, 2004) , by which two 4-5 g ground seed samples were dried in a mechanically ventilated oven at 130-133ºC for two hours.
Subsamples containing a minimum of 300 seeds, for each seedlot/mc combination, were sealed in laminated aluminium-foil packets and subsequently divided in blocks of 12 subsamples and stored in incubators maintained at 40, 50 and 65ºC. Temperatures were recorded at four-hour intervals; no survival curves were analysed when the maximum allowed temperature range (±0.5ºC) exceeded.
The highest temperature (65ºC) was chosen to insure that complete seed survival curves could be obtained at all moisture contents within a period of 200 days. The range of seed moisture contents stored at 40 and 50ºC was 4.7-21.7%, while at 65ºC, it was 2.2-15.8%.
All seed samples showing moisture content lower than 6% were humidified above water at 20ºC for two days, before testing, to avoid the possibility of imbibition injury during rehydration (Ellis et al., 1988) . Preliminary tests did not show imbibition injury above that value.
Germination tests were performed at 25ºC, using eight replicates of 25 seeds for each mc/storage temperature, placed in rolled paper towels (Bowater T22), moistened with deionized water. Seed coat was removed from the seeds that had not imbibed after seven days, followed by a further period of three days for germination. When necessary, and mainly during the occurrence of hardseededness, tests were extended to a maximum of 12 days to allow adequate time for germination of all viable seeds. Seedlings were evaluated according to the criterion of normal germination (International Seed Testing Association, 2004) .
Additional subsamples from all mc levels before storage were taken to detect the relation between seed mc and equilibrium relative humidity, at 20±0.5°C, through a Novasina Humidat IC1, previously calibrated at 12, 55 and 94% RH, using appropriate standard salts (Ellis et al., 1989) .
Seed survival curves were fitted to germination percentage results by probit transformation. The effect of moisture content and temperature on seed longevity was achieved using the multiple regression analysis within the generalized linear model (Baker & Nelder, 1978; Hay et al., 2003) .
Results and Discussion
Values of the intercept of the regression lines (K i , initial seedlot quality) were rather variable among seedlots. There were significant effects (p<0.01) of an interaction between mc/temperature and storage period on seed longevity; however, mc/temperature combinations did not significantly affect the value of K i (F = 1.80, 0.93 and 1.08, nonsignificant at p<0.01); constraining all curves to the same point of origin on the Y-axes yielded K i values of 2.016, 1.940 and 1.779 for seedlots 1, 2 and 3, respectively. Table 1 displays seed mc and the logarithm of the frequency distribution of seed deaths in time (sigma), at 40, 50 and 65°C for each seedlot, after constraining all curves to the same point of origin (K i ). These results, which were similar for the seedlots define, in a practical view, the logarithm of the storage period (days) required to drop seed viability of one probit, for each treatment/ seedlot.
Longevity curves obtained at 40, 50 and 65°C for the three seedlots showed the effects of mc and temperature on seed storability (Figure 1 ). The slopes of the fitted regression lines at the same storage temperature are similar for the lots, corroborating the high precision of the results.
The residual deviances for the seedlot survival curves at different storage temperatures were analysed to provide the best fit for the viability equation. There were no statistical differences for both seedlot and interaction seedlot/log mc (F = 1.39, 2.02; 2.81, 1.36; 0.14, 0.26 at 40, 50 and 65ºC, respectively, nonsignificant at p<0.01) ( Table 2) . At 40 and 50ºC, residual deviances significantly decreased after removal of the results for 21.7 and 3.74% of seedlot 1, respectively; however, at 65°C, a better equation adjustment was achieved by removing the two lowest mc data for each seedlot (from 2.2 to 3.14%). Therefore, the lowest mc limits for application of the viability equation at 65°C for each seedlot were 3.61, 3.54 and 3.67%, respectively.
The constant K (i.e., K E -C H t -C Q t 2 ) provides a means of simplifying the viability equation when only one temperature is considered (Ellis et al., 1986 ). The Table 1 . Seed moisture content and the logarithm of sigma for cotton seedlots 1, 2 (cv. IAC-20) and 3 (cv. IAC-19), stored at 40, 50 and 65°C, after constraining all survival curves to the same origin point (Ki). The relationship between seed mc and the equilibrium relative humidity at 20°C is shown in Figure 2 . The third order polynomial curve (r 2 = 0.98) represents a combination of sorption and desorption isotherms, depending on whether the values were obtained above or below the initial mc value (around 8.8%).
The isotherm obtained consists of three regions: one, at low moisture contents, in which moisture rises steeply for a small increase in RH (water sorption at strong binding sites); a second region, at intermediate moisture contents, in which the gradient is shallow (water sorption at weak binding sites) and a third region, at high moisture contents, in which moisture increases again more steeply for a small increase in RH (water sorption binding to already absorbed water molecules) (Vertucci & Leopold, 1987) . Similar results have been recorded by Barker & Laird (1997) , during moisture sorption/desorption experiments, using gin run cottonseeds, kept at 20°C.
The inflection point of the isotherm (around 3.6% mc) means the difference between the first and the second type of bound water, so it could account for the discontinuity among seed longevity and the lowest seed moisture contents; it can be that seed longevity increases according to mc reduction until the weak bound water was completely removed. These results are similar to those obtained by Simpson & Miller (1944) using samples of cottonseed cultivar Stoneville, placed in desiccators over concentrated sulphuric acid solutions.
Desiccation below 6% mc level resulted in hardseededness, with a progressive increase from this value to the lowest one, i.e., 2.2% mc, with similar trends for each seedlot (Figure 3) . Mai-Hong et al. (2003) reported that hardseededness began to be induced when Peltophorum pterocarpum seeds were dried to about 15% moisture content and below, with a negative Relationship between seed moisture content (mc, %, f. wt.) and the equilibrium relative humidity (%) of cottonseed, at 20°C. The curve represents sorption and desorption isotherms, above and below the initial moisture content value (8.8%), respectively. The arrow points out to the inflection point of the isotherm (3.6% mc), which means the lowest moisture content limit for application of the viability equation.
logarithmic relation between hardseededness and moisture content below this value.
The establishment of hardseededness has already been detected in three cotton hard seed lines by Delouche et al. (1995) , when the seed mc first decreased to about 10% and increased to a maximum incidence at 4% mc. In this work, hardseededness depletion was achieved either naturally according to the increase of both storage temperature and storage period or artificially through seed coat removal after seven days of germination test, according to International Seed Testing Association (2004) . In Dimorphandra mollis, the hardseededness depletion was achieved through sandpaper scarification (Chaves & Usberti, 2004) . Figure 4 displays the relations between the logarithm of seed mc and the logarithm of the frequency distribution of seed deaths in time (sigma), at 40, 50 and 65°C. The slopes of the curves are similar, allowing to get accurately the constants of the viability equation. The dotted line, relating to seed moisture contents below 3.1% shows a clear change of the logarithmic trend at 65°C, since the points are depicted below the lower limit for application of the viability equation (3.6% mc).
The constants K E and C W estimated in this work were 9. 240 and 5.190 . The values achieved for the constants C H = 0.03965 and C Q = 0.000426 show similarity to those obtained by Dickie et al. (1990) after the statistical analysis of 359 survival curves of eight species (C H = 0.0329; C Q = 0.000478), therefore corroborates the accuracy of the results obtained and the reliability of the methodology used.
Thus, the viability equation to predict cottonseed longevity is: V = K i -p/10 9.240 -5.190log m -0.03965t -0.000426t² .
This equation was checked using data relating to cottonseed performance under long-term storage conditions, i.e., at constant mc and temperature (Simpson, 1942 (Simpson, , 1957 Stewart & Duncan, 1976) and at variable mc and temperature (Usberti, 1984) .Values for predicted and observed viability after storage were similar ( Figure 5 ) and the average values of the percentage germination and those predicted through the viability equation (49.5 and 49.0%, respectively) were not significantly different (χ 2 test). 
